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Final The objective of this effort was to evaluate the performance of rear wheel steering (RWS) features of the Federal Aviation Agency (FAA) Striker Fire Truck on tread wear, tire deflection, and turning diameter. The RWS feature was designed to improve vehicle maneuverability, narrow the turning diameter and reduce drag on the tires. Due to programmatic limitations only exploratory validation of the rear-wheel steering was accomplished, therefore no statistical inference from the data can be obtained. Conclusions drawn from the limited data set indicated that RWS improved the turning diameter in both the clockwise and counterclockwise directions. With RWS, the turning diameter decreased 8.8 feet (9%) in the clockwise direction and 11.32 feet (11%) in the counterclockwise direction. Tire deflection analysis did not reveal any significant differences with or without RWS. Tread wear results showed that the front and rear tires on both sides had significantly less tread wear over an equivalent 40 miles distance versus the wear measured while the RWS was disengaged. For rear axle tires, RWS extended the life of the tires by 7 to 11 times compared to tire life without RWS. For front axle tire, RWS extended tire life by 1.6 to 2.4 times that of tire life without RWS. The fire department questionnaire prepared to gain direct field input for this project indicated that vehicles equipped with RWS displayed less tire wear, resulting in extended tire life and increased stability/handling of the vehicle.
rear-wheel steering, tread wear, tire deflection, turning diameter The Federal Aviation Administration (FAA) has an ongoing research program to evaluate new technologies for increasing postcrash fire survivability on aircraft and to determine methods to increase the performance capabilities of aircraft rescue and firefighting (ARFF) vehicles. A rear-wheel steering (RWS) system was developed to increase the operational performance characteristics of ARFF vehicles in terms of improving vehicle maneuverability, narrowing the turning diameter, and reducing drag on the tires, which should therefore improve tire life.
The objective of this effort was to evaluate the performance of the FAA 6x6 ARFF research vehicle with and without the RWS system. The performance was measured in terms of changes in turning diameter, tire deflection, tread wear, and actual tire life data from U.S. airports operating 6x6 ARFF vehicles.
Turning diameter results showed that RWS improved the turning diameter in both the clockwise and counterclockwise directions. With RWS, the turning diameter decreased 8.8 feet (9%) in the clockwise direction and 11.32 feet (11%) in the counterclockwise direction. Tire deflection analysis did not show any significant differences with or without RWS. Tread wear results showed that the front and rear tires on both sides had significantly less tread wear over an equivalent 40-mile test distance compared to the wear measured without RWS. RWS extended the life of the rear axle tires by 7 to 11 times compared to tire life without RWS. RWS extended the life of the front axle tires by 1.6 to 2.4 times compared to tire life without RWS. Responses to the airport fire department customer survey indicated that vehicles equipped with RWS showed less tire wear, resulting in extended tire life and increased stability/handling of the vehicle.
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Distribution Statement
This document is available to the U.S. public through the National Technical Information Service (NTIS), Springfield, Virginia 22161. The objective of this effort was to evaluate the performance of the FAA's 6x6 ARFF research vehicle with and without an RWS system for turning diameter, tire deflection, tread wear, and actual tire life data from U.S. airports operating 6x6 ARFF vehicles. The turning diameter of the FAA 6x6 ARFF research vehicle was measured for both left and right turns. Testing was conducted according to the FAA Advisory Circular (AC) 150/5220-10C wall-to-wall turning diameter procedures. Tire deflection measurements were recorded in both clockwise and counterclockwise directions using a video camera, following the AC 150/5220-10C dynamic turning control test procedures. Tread wear was produced by driving the vehicle in a figure-eight pattern for 40 miles. Tread depth was measured according to recommendations from the tire manufacturer, Michelin Corporation, using a depth micrometer.
Turning diameter results showed that RWS improved the turning diameter in both clockwise and counterclockwise directions. With RWS, the turning diameter decreased 8.8 feet (9%) in the clockwise direction and 11.32 feet (11%) in the counterclockwise direction. Tire deflection analysis did not show any significant differences with or without RWS. Tread wear results showed that the front and rear tires on both sides had significantly less tread wear compared to the wear measured while the RWS was disengaged. RWS extended the life of the rear axle tires by 7 to 11 times compared to tire life without RWS. RWS extended the life of the front axle tires by 1.6 to 2.4 times compared to tire life without RWS.
In addition to the three test evaluations, the FAA prepared a customer survey that was emailed to airport fire departments that purchased either the OTC Striker 6x6 or the 8x8 ARFF vehicles between 2002 and 2005. The airport fire department customer survey indicated that vehicles equipped with RWS showed less tire wear, resulting in extended tire life, increased stability, and improved vehicle handling. 
OBJECTIVES.
The objective of this effort was to evaluate the following operational performance characteristics of the RWS system.
Tire life data from U.S. airports operating 6x6 and 8x8 ARFF vehicles BACKGROUND.
ARFF vehicle maneuverability and stability continue to be a concern. New designs in ARFF vehicles have enabled manufacturers to provide larger, faster models that offer large agent capacities to airport fire departments. While enhancements to suspension systems have also been developed, vehicle control, tire scrub, and tire wear continue to be an issue at airport fire departments.
In late 2005, the FAA ARFF program received a new Oshkosh Striker 6x6 ARFF research vehicle. The 2500-gallon vehicle is equipped with independent suspension, RWS, and lateral G-force indicator. The RWS system was designed to improve vehicle maneuverability, narrow the turning diameter, and reduce drag on the tires, which should improve tire life. This is accomplished by incorporating a steering linkage to the rear axle, which allows up to 7 degrees of steer. The RWS is an added feature on both the Striker 6x6 ARFF and 8x8 vehicles at a cost of approximately $7800. OTC has not tested RWS for improved maneuverability or improved tire wear.
The FAA 6x6 research vehicle is equipped with six Michelin XZL on-and off-road commercial truck tires, as specified in table 1 and shown in figure 1. Two dealers quoted $2500 and $3500 for each tire, not including installation and service fees, with a delivery time of 1-2 weeks. Some airport fire departments are changing the tires on their Strikers after 5000 miles of use due to excessive wear. Michelin stated that these tires should provide up to 50,000 miles of use, depending on the operational environment of the vehicle. To compare the vehicle performance with and without the RWS system, OTC provided a tow control bracket to lock the RWS function on the FAA 6x6 research vehicle. Tests were conducted to evaluate wall-to-wall turning diameter, tire deflection, and tread wear. All tests were conducted both with and without RWS. The FAA 6x6 research vehicle was equipped with video cameras and measuring devices to collect numerical and visual data. The data were then used to confirm the performance of the FAA 6x6 research vehicle with and without RWS.
WALL-TO-WALL TURNING DIAMETER.
The turning diameter of the FAA 6x6 research vehicle was measured for both left and right turns.
Tests were conducted according to the following FAA AC 150/5220-10C wall-to-wall turning diameter procedure.
1.
The FAA 6x6 research vehicle was driven slowly in a full cramp circle (left or right) to establish a steady state in the steering linkage.
2.
At approximately three equidistant points (identified as A, B, and C) around the circle, the vehicle was stopped using the service brakes.
3.
At each stop, a plumb bob was placed against the outermost point of the vehicle and the spot was marked on the ground directly below where the plumb bob came to rest.
4.
The straight line distances between each pair of points (AB, BC, and CA) were measured.
5.
The wall-to-wall turning diameter (D) was calculated as follows:
Steps 1 through 5 were repeated with the vehicle moving in the opposite direction.
TIRE DEFLECTION.
The tire deflection test was conducted to determine if the amount of sidewall deflection would provide an indication of the overall side forces incurred by the vehicle while in an aggressive turn. The test was conducted to establish a relationship between the tire deflection values with the RWS operable and the RWS locked, while operating on the same paved surface with the same speed and turning radius, using a visual indication of side forces incurred by the vehicle.
For example, a lower tire deflection value with the RWS would indicate the RWS is reducing the side forces on the vehicle.
Two video cameras were mounted to rigging connected to the vehicle, and a measuring plate was mounted on the rigging opposite the camera (figure 2). The rigging was built to accommodate mounting the camera in such a way as to maximize the tire deflection field of view while also minimizing vibration to the camera while the truck was in motion. Tire deflection measurements were recorded by the video camera without the RWS and with the RWS in both clockwise and counterclockwise directions. The test setup from the FAA AC 150/5220-10C dynamic turning control were followed. The driver accelerated the FAA 6x6 research vehicle around a 100-footdiameter circle on a concrete, nongrooved runway surface in 5-mph increments up to a maximum of 15 mph. Tread wear tests were conducted by driving the vehicle in a figure-eight pattern on a dry, concrete, nongrooved runway surface for a distance of 40 miles. The tread sections and tire pressure were measured at approximate 20-mile intervals. All six tires were inflated to OTCrecommended pressures. The test was divided into two phases consisting of the same driving conditions but with the RWS system locked during the first phase and the RWS in use in the second. The vehicle was driven in a figure eight composed of two 150-ft-diameter circles (942 ft of travel per figure eight) at a speed of 15 mph for a distance of 40 miles (224 complete circuits). This procedure was used to create an aggressive test method resulting in accelerated wear of the tires. This method reduced the overall number of miles traveled to determine the effectiveness of the RWS system. Tread depth was measured according to recommendations from the Michelin Company:
"Tread depth measurement can be taken in several spots across the tread and around the circumference. However, to calculate the remaining amount of rubber (knowing the new tire tread depth) for a given number of miles run, the measurement should always be taken at the same spot on the tread and close to the center groove of the tire".
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Six tread sections (figure 3) across the tire were marked (figure 4) and measured using a depth micrometer (figure 5). A 0-to 1-inch Starrett number 440 micrometer was used. 2 A depth micrometer was used rather than a tire depth gauge because the depth micrometer is graduated in increments of 0.001 inch, and the tire depth gauge is calibrated in 1/32 inch. Repeated measurements in the same location demonstrated that readings within ±0.003 inch were accomplished. The finer graduations allowed completion of the tread wear experiment in a shorter driving distance. The tread blocks that were identified for measuring scrub were marked with paint in the groove of the tire at the base of the tread so that the markings were not ground off while driving the vehicle. This procedure was repeated three more times, creating four equidistant measurement locations around the circumference for each tire. The FAA prepared a survey consisting of 9 questions that was emailed to 23 airport fire departments that purchased OTC Striker 6x6 or 8x8 ARFF vehicles between 2002 and 2005. According to OTC records, approximately 2/3 of the vehicles were purchased with the RWS option. Information was requested from airport fire departments that had at least 12 months of service time to qualify RWS performance and tire wear based on the number of miles driven. The questions submitted to each airport fire department included: TEST RESULTS
WALL-TO-WALL TURNING DIAMETER.
Wall-to-wall turning diameter tests were completed after the tread wear without RWS tests were concluded and after new Michelin XZL tires were installed on axles 1 and 3. The tires on the front and rear axles had a tread depth greater than 0.920 inch at the start of the test, while the tires on the middle axles had a tread depth greater than 0.810 inch at the start of the test. Results showed that RWS improved the turning diameter in both the clockwise and counterclockwise directions. With RWS, the turning diameter decreased 8.8 feet (9%) in the clockwise direction and 11.32 feet (11%) in the counterclockwise direction, as shown in table 2. Tread wear tests on the FAA 6x6 research vehicle were completed in two phases: Phase 1 was completed without RWS, and Phase 2 was completed with RWS. According to ASTM F 1016-93 Standard Practice for Linear Tire Treadwear Data Analysis, linear tread wear is defined as a constant rate of wear that results in a linear regression coefficient of determination (R 2 ) equal to or greater than 0.95 when obtained from a data set with at least three measurements. According to the standard, the depth loss at the fastest-wearing location may be used if the tire does not show uniform wear between grooves, and the fastest-wearing groove should be used to project tread life. During the tread wear tests, block 1 (outermost block) most often showed the greatest degree of wear and therefore was used for determining R 2 values and calculating maximum tire life.
PHASE 1-TREAD WEAR WITHOUT RWS. At the beginning of Phase 1, all six tires had a tread depth between 0.831 (27/32) to 0.905 (29/32) inch. According to the specifications listed by Michelin, the XZL tire has a manufactured tread depth of 0.969 (31/32) inch. Prior to Phase 1 testing, the FAA 6x6 research vehicle was driven 709 miles while completing predelivery inspection testing before and after installation of the high-reach extendable turret, causing an initial tread wear ranging between 0.064 (2/32) and 0.138 (4/32) inch. Michelin truck tires contain wear bars in the grooves of the tire tread that show up when 0.0625 (2⁄32) inch or less of tread is remaining. At this stage, the tires must be replaced, according to Title 49 Code of Federal Regulations 393.75, Parts and Accessories Necessary for Safe Operation -Tires. Federal law also requires truck tires on front axles to have at least 0.125 (4⁄32) inch tread depth.
Three distinct wear patterns based on axle location (figure 6), front, middle, or rear, were observed on the FAA 6x6 research vehicle when the RWS was locked. The tires on the front axle showed equal tread wear during the first 20 miles of driving the figure-eight test pattern (figures 7 and 8). During the second 20 miles, the right front tire continued to wear while the left front tire showed almost no tread wear. Block 1 (outermost block) on the right front showed the most tread wear, decreasing from 0.856 (27/32) to 0.677 (22/32) inch while block 6 showed the least degree of tread wear, decreasing from 0.907 (29/32) to 0.844 (27/32) inch. The R 2 value for block 1 on the right and left front tires were 0.9999 and 0.8386, respectively, indicating linear tire wear on the right side but not the left. The equation generated by the linear regression was used to determine the maximum tire life based on measurements taken for block 1. The maximum tire life was based on replacing the middle and rear axle tires at 0.0625 (2/32) inch of tread depth and replacing the front axle tires at 0.125 (4/32) inch tread depth in accordance with federal regulations. Figure 20 shows the differences in calculated maximum tire tread life based on axle location and use of RWS. For rear axle tires, RWS extended the life of the tires by 7 to 11 times compared to tire life without RWS. For front axle tire, RWS extended tire life by 1.6 to 2.4 times that of tire life without RWS.
For the middle axle tires, some irregularities in tire wear were observed. RWS did not extend tire life compared to testing completed without RWS and the right middle tire showed better tire life than the left, whereas the left front and rear tires showed better tread wear. This phenomenon was likely due to the geometry of the steering system and wheel alignment. Some tires are forced to slip sideways during a turn and, therefore, experience greater wear. This slip was increased with RWS, causing greater tire wear than without RWS. Eleven airport fire departments responded to the request for information regarding ARFF vehicles and tire wear. Nine vehicles were 6x6 models and two were 8x8 models. Three of the eleven vehicles did not have RWS. Most airport fire departments reported having vehicles with 18 and without RWS in their fleets, which led to good comparative information. The information received from the airport fire departments showed a wide range of variation in the age and use of these vehicles. All respondents indicated that vehicles with RWS showed less tire wear, resulting in extended tire life. One responding airport fire department indicated that they were replacing the tires on a vehicle without RWS every 1000 miles, while another airport fire department reported getting 5500 miles between changes on a vehicle with RWS. Many other responding airport fire departments had less that 5000 miles on the vehicles and have yet to need replacements on those vehicles. Another common comment was the perceived increase in stability and handling of the vehicle with RWS by the various vehicle operators.
The airport fire departments also reported a significant difference in the amount of time needed to purchase replacement tires. The larger airports reported receiving replacement tires in as little as 1 week, while some of the smaller airports stated that procurement could take 4 to 9 months. Delivery of replacement tires averaged 4 to 6 weeks. The primary factors affecting the availability were location of the tire dealer as well as the priority given to the military for vehicles deployed overseas using the same tire.
CONCLUSIONS
Results showed that rear-wheel steering (RWS) improved the turning diameter of the Federal Aviation Administration (FAA) aircraft rescue and firefighting (ARFF) vehicle in both the clockwise and counterclockwise directions. With RWS, the turning diameter decreased 8.8 feet (9%) in the clockwise direction and 11.32 feet (11%) in the counterclockwise direction.
Analysis of the video recorded during testing did not show any significant differences in tire deflection with or without RWS. The Air Force Research Laboratory (AFRL) and the FAA could not make any direct correlations between the amount of sidewall deflection with or without RWS and the overall side forces incurred by the vehicle while in an aggressive turn. The ARFL and the FAA concluded that the video test method could not accurately depict the side load forces on the vehicle.
The front and rear tires on both sides showed significantly less tread wear over an equivalent 40-mile distance versus the wear measured without RWS. For the rear axle tires, RWS extended the life of the tires by 7 to 11 times compared to tire life without RWS. For the front axle tires, RWS extended tire life by 1.6 to 2.4 times that of tire life without RWS.
All airport fire departments that responded to the customer survey indicated that the ARFF vehicles equipped with RWS showed less tire wear, resulting in extended tire life, and increased stability/handling of the vehicle. Delivery of replacement tires averaged 4 to 6 weeks and ranged in price from $2500-$3500 per tire plus installation fees.
